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c-CNF/Li electrode:
After carbonization, the printed c-CNF scaffold was used to host the Li.
To make the scaffold more lithiumphilic, a thin ZnO layer was coated on the scaffold. The obtained scaffold was immersed in 1 M Zinc Nitride (Zn(NO 3 ) 2 ) (Fisher, USA) for 10 min, followed by annealing at 240 ºC for 10 min. After cooling down, it was transferred to the glove box to incorporate the Li ions. Li ribbon (99.9%, Sigma Aldrich) was melted at 250 ºC first, and the c-CNF was brought in contact with the molten Li to allow Li fusion in. Li slowly spreads into the whole scaffold, and the amount of Li infused can be controlled by controlling the contact time. Finally, the scaffold with Li was obtained and used as the anode.
Characterization methods:
The morphology of the samples was examined by a Hitachi S4800 SEM operated at 10 kV. TEM images were performed on the JEOL 1010 operated at 200 kV.
The X-ray diffraction (XRD) patterns of the samples were recorded for 2 ranging from 10° to 80° on Rigaku Ultima IV with Cu K radiation. Raman spectra were obtained on a LabRam HR800 UV NIR with 532 nm laser excitation. The conductivity of the electrodes was measured using four probe point measurement, where the printed planner sample owns the size of 10 mm*10 mm* 0.4 mm. The rheological properties were measured on a TA-Instruments ARES-G2 rheometer. All the measurements were carried out at room temperature. The weight content of the LFP in c-CNF/LFP was measured with the TGA, which was carried out in air in the range of 20 to 800 ºC using a Netzsch STA 409 PC (TGA instrument, Germany).
Electrochemical characterization
In all the electrochemical measurements, the electrolyte (DodoChem) was 1 M Li bis(trifluoromethanesulphonyl)-imide (LiTFSI) dissolved in DOL/DME (1:1 v/v) with 2 wt.% lithium nitrate. 100 L of the electrolyte was added in the cell during the assembly. The separator used in coin cells was Celgard 2325 (thickness was 25 µm). The cathode and anode for the electrochemical performance measurement have the same size. The active material mass loading in cathode was around 2 mg cm -2 . A LANDTH 8-channel tester was used to conduct the galvanostatic test. EIS was conducted with a voltage amplitude of 10 mV in the frequency range of 100 kHz to 100 mHz using Biologic SP150 potentiostat.
The cycling stability test of anode:
A symmetric cell was assembled in a CR 2025-type coin cell, with the printed c-CNF/Li electrode acting as the working electrodes and counter electrodes.
The cell was measured in repeating discharge/charge at the current density of 5 mA cm -2 with the areal charge of 2.5 mAh cm -2 . The current density was based on the area of the electrodes. The symmetric cell of Li foil (MTI) was used to compare with c-CNF/Li for the control group. The cycling stability of anodes was evaluated according to the stability of the voltage hysteresis.
The specific capacity of electrodes:
To evaluate the specific capacity of each electrode, CR 2025-type coin cells were assembled, where the printed planner electrodes and Li foil acted as the working and counter electrodes, respectively. For the c-CNF/LFP electrode, galvanostatic tests were performed at a rate of 0.2 C (1 C equals 170 mA g -1 ). As to the c-CNF/Li anode, the specific current was 100 mA g -1 . It should be noted that the mass was based on the whole electrode.
The full cell performance:
The full cell was assembled in CR 2025-type coin cell, where the as-printed planar c-CNF/LFP and c-CNF/Li electrodes were used as cathode and anode, respectively. The specific capacity was measured based on the weight of c-CNF/LFP electrode.
The anode to cathode capacity ratio was estimated at 10:1. The rate performance was tested using various C rates ranging from 0.2 C to 10 C. In the long-term test; the dis-/charge rate was 5
Computational Details
Printability of CNF
The required extrusion pressure as a function of the viscosity of the CNF ink.
During the 3D printing process, CNF ink forms a consistent bead geometry, which should be able to maintain dimensional tolerances over time. Further, as a conservative estimate for geometry stability, the extruded material must support the weight of the deposited bead during the processing time. For CNF ink, this stability is required enough viscosity to hold the deformation in an accepted range. Thus, based on Maxwell model [3] , as a non-Newtonian, shearthinning, viscoelastic material, the viscosity of CNF-ink should satisfy:
where 0 is the acceptable deformation that generally be taken as 0 =10%, G' is the storage modulus, h is hydrostatic pressure: h = melt • g • h, melt water (thickness, h 0.2 mm for a single layer) and t p is the characteristic processing time. Notice that the characteristic processing time is the time between the material extruded from nozzle and the stable status (e.g., liquid solid), which depends on material properties. Hence, based on a conservative estimate, we take t p = 20s, same as time of printing a single layer.
The elastic deformation, h /G', is assumed to occur immediately, but the strain deformation of viscous part will continue to evolve over time. If the total strain deformation beyond 10%, the deposited layer fails to satisfy geometry accuracy. Also, if the elastic strain h /G' > 0 , the material immediately fails. Hence, from Eq. (1) and our experiment inputs, we can obtain that the viscosity of CNF-ink, , should be larger than 400 Pa•s -1 to hold structure stable during printing.
Meanwhile, a suitable nozzle extrusion pressure, p, is needed to successfully print CNF with a certain viscosity. Since CNF-ink is the viscoelastic fluid, the viscosity, , is also related to the shear rate,  , following a power law relationship, =C (n-1). Therefore, in order to meet the shear rate through a given nozzle, a corresponding volume flow rate, Q, is required, as calculated by [4] , in which, R is the radius of nozzle (75 m), n is the power index (we take n -0.59 based on Figure 1f ).
Finally, the pressure required to successfully extrude a shear-thinning fluid at a given shear rate through a nozzle can be calculated by [4] 
where L 1.5 cm as the nozzle length. Need to mention that we use 80 psi during 3D printing, which means if we want to extrude CNF-ink successfully, the calculated pressure, p, cannot be larger than the system pressure. If the extrusion pressure is lower than calculated one, CNF-ink cannot be extruded at desired volumetric throughput, or the nozzle may clog.
In order to meet printable criteria, as given in Figure 1i , we plot the required extrusion pressure as a function of viscosity of CNF ink. The curve (blue) and dash lines divide plot into five regions. The minimum printable requirement for CNF-ink is = 400 Pa•s with the corresponding extrudable pressure,14.5 psi, or 100kPa, (red). However, since the maximum system pressure is 80 psi, or 551 kPa, it only allows a maximum viscosity 40000 Pa•s, (green).
Thus, the region (i) (80 psi>p>14.5 psi, 40000 Pa•s> > 400 Pa•s) is the printable zone for 3D printing CNF-ink by our extrusion system. The region (ii) means the system cannot provide the extrusion pressure larger than 80 psi; the regions (iii), (iv) and (v) those below the curve, the system pressure cannot guarantee the desired volume flow rate for successful extrusion.
The strain deformation of previously deposited layer as a function of nozzle diameter.
The experimental observation shows that when using a large nozzle, e.g., with a diameter of D E =250 m, the previously deposited layer undergoes a large deformation leading to geometric inaccuracy. Thus, in this section, we mainly discuss the relationship of the nozzle diameter and the resulting deformation of the deposited layer.
A previously deposited layer generally holds and provides a suitable rigid substrate for the next deposited layer. Therefore, there is a combined stress acting on the previously deposited layer, as [2] 
The first term v is the stress to re-direct CNF flow from the vertical extrusion nozzle to the horizontal bead bed, defined as
where V E is the extrusion velocity, expressed as V E =Q/( /4)/D E 2 [2] .
The second term c is the stress due to the compression of the current deposited layer, as c
• V h ), in which V h is the nozzle moving velocity [2] and w is the width of bead (we take w= D E for a simple condition). Notice that the time for the compression is given as t comp = D E / V h [2] , which is a function of the nozzle diameter because we set V h. as a constant during the process.
Here, the strain is calculated based on the Maxwell model [2] . We take a strain limit as < 10% for a geometry accuracy criterion. Figure 1h shows the strain, , of the previously deposited layer varies as a function of the nozzle diameter, D E , at different applied extrusion pressures. Generally, increasing D E results in a higher strain to the previously deposited layer. Also, the strain deformation is proportional to the applied extrusion pressure. When the applied extrusion pressure is p= 20 psi (red line), the deformation of the previously deposited layer is below the defined limit, despite of D E reaches 250 m. However, if the applied pressure increases is 40 psi (green), the strain exceeds the defined limit, when the nozzle diameter D E > 240 m. Further increasing the applied extrusion pressure, the critical nozzle diameter decreases e.g., in the case of p= 60 psi (blue), and p= 80 psi (black), the deformation exceeds the deformation exceeds the limit when D E > 208 m and D E > 180 m, respectively. This is because the pressure contributes to the volume flow rate, which increases the velocity of material extrusion, V E that in turn brings a higher v , based on Eq. (4).
Dendrite suppression
The Li deposition morphology evolutions during plating are simulated by using the nonlinear phase-field model developed by L. Chen. [5] The model accounts for the electrodeposition system (Li + + e  Li) where the electrode is Li metal, and the electrolyte consists of cation Li+ and anion TFSI -. In this work, the phase field parameter ( ) is used to describe two distinct phases: = 0 is for the electrolyte, = 1 is for the Li metal anode, and any value between 0 and 1 is associated with the interfacial region. Generally, for the electrodeposition, the driving force is usually smaller than the driving force from electrode reactions due to the interfacial energy, when the system is far from equilibrium. Thus, the model considers that the spatiotemporal evolution of the phase field parameter is linearly proportional to the interfacial energy and exponentially to the thermodynamic driving force related to the electrode reactions, which can be expressed as,
where is an interpolating function, L  is the interface mobility, and L is the reaction-related constant, and is the activation overpotential ( E  is the 
